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l’hc field of Adaptive Structures has expanded dramati-
cally during the past few years. one definition of Adap-
tive Structures is a system whose geometric and physical
structural characteristics can be benct%ially  modified to
rnmt mission requirements either through remote con~-
mands or automatically in response to internal or exter-
nrd stimulations. ~“he applications under study include
Civil, Mechanical, and Aerospace systems. Overview
of Adaptive Stmctures  are in References [1,2]. For
space, Adaptive Structures promise to (1) inlprove the
reliability of deploy me.nt/assernbly, (2) ease the imple-
mentation of ground test validation, (3) facilitate meet-
ing precise structural requirements, and (4) allow re-
dundancy in the me.chanic.al systmns. l“he efforts at the
Jet Propulsion I ~boratory  to enable future space mis-
sions are in Reference [3]. Recently the ‘1’hircl Intcrrra-
ticmal Conference on Adaptive Structures was held in
San Diego [4].

In ninny applications of Adaptive Structures, the actua-
tor, sensor and control functions are integrated directly
into the stlrrcture  itself. Often the capabilities arc linlit-
ed by the actuator. For static actjustrncnts  in currently
planned space structures, a long stroke capability --
15,000 ;Lrn (0.59 inch) -- with srrtmicrmr resolution is
required. l’he desire is for the actuator to rrlaintain the
charrged position without the continuous application of
electrical power. For dynamic applications, a dynamic
stroke of 50 microns with submicron  resolution with a
large dynamic bandwidth is required. Although the load
requirmwnt  when opemtional  in space is generally
small, the actuator nmrst survive the loads induced in the
ground test and launch envirmrrrlents.  I’hc direct  usc of
ceramic piwmclectric actuators meets many of the re-
quirements except for the long stroke, load carrying
capacity, and capability to maintain the final position
without power. Inch ‘?vOrJ1l actuators are commercially
available. but do not meet all the desired static and dy -
narriic  features in one actuator. The objective of the
development of the “Mighty Worm” was to develop
such an actuator. ~’he adjective “lMighty” refers to the
capability of the active rrmnbcr to carry lar~e loads
during the launch phase. l’he load path bypasses the
picmclectric  actuator in the. launch nlode.
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The development of the actuator resulted in the first
hardware about three years ago. Orlly recently was the
testing of the actuators completed. q“he next generatjorl
inch wornl actuator is currently being designed.

JN’I’KODLJC1’IQN

3“’he Mighty Worm actuator consists of a pieme]eztric
transducer, its housing, and two c]arrlpirrg devices,
Figure 1. I’he transducer itself consists of severa[  Iay -
ers of picmclectric  ceranlic wafers stacked upon a rigid
basephite..  Upon respective application and rernovai of
voltage, the ceramic stack expands and contracts relative
to its base. ~“hc c]anlping devices act synchronously,
one lc)cking and releasing the basel]kitc. while the other
rele.asm and locks the stack. Proper tirnin~ of stack
voltage application and clan)ping action, Figure 2!, m-
ablcs device (“irIcflworI[l-like”)  motion, A single cycle
sequence is (1) clanq> the base: (2) apply stack voltage;
(3) clanlp the. stack; (4) unclarl)p the. base: (5) rcnlove
stack voltage; (6) unclarr]p  the stack. l’hc tinling of the
clarllping  action is controlled by two eiliptically-cori-
toured cams nmurrtecl 90’ out of phase on a nlotcJr-driv-
en shaft: these ca]lls flex ]ever-like  claTIIps  that alter rlate-
ly brake and releww the base and stack of the transduc-
er. I’hc application of voltage is controild  by a relay
whose OPIiN-or-CI.OSEI)  state is governed by a
notched whczl rotating (on the sanw shati as the cams)
between an 1.FD and a photocell. Dual circuits allow
forward and rc.ve.rse n~otion,  Fi~ure.  3.

Ihc piezo-electric stack that is the heart of Mighty
Worr,l  is 68 rnnl long m,d extends a nolllir]:il 40 pm (1.6
rni]) upon application c)f 1000 volts. 3’he digits] dial
ga[ige with which wc rm:isurtxl stack expansion and
Mighty Worn]  travel allowed a nlir,  irrlunl  reading of
1.27 pn] (0.050 rni]),  pernlitting  accurirtc positionin~
resolution to perhaps half that value, == 0.6 ~nr ( ==
0.025 rnil).

It is required thfit a positiorler/actuator  for spacecraft
adaptive. structures be capable of achieving both large-
scalc niotion and precise.  positioning. In operation
h4ighty Wolril i}ushcs or pulls a load to within one stack
expansion of the dcsirecl  load position. I“his is thti “long
s t r o k e - p}]aw  of LM ig}lty Wor[i)  opcratlorl.  I’hen,  a fina[
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Fig, 1. Mighty WorlIi Actuatc)r
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cycle with application of an appropriate fraction of a
kilovolt precisely positions the load. lIowever.  continu
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Ous power application is ncces.sary  to maintain position
of the load. Had an electrostrictive  actuator be~rr  used,
no additional power would have been required.

TWO types of Mighty WOrrrl performance were charac-
terized -- (1) long-stroke motion, and (2) incremental
positioning -- at loads of O lb (NO LOAD), 25 lb, 50 lb,
75 lb, and 100 lb. l“he 100 lb maximum load linlit is
imposed by the fact that a 100 lb preload,  designed into
Mighty Worm, maintains the stack in perpetual conl-
pression. Long-stroke nlotion involves successive trans-

lations of all Mighty Worm moving elements; increnlen-
tal positioning involves in-place stack expansiorl  only.

Incremental positionir]g data were obtained by loading
the Mighty Worm and then incrementally applying (c)r
removing) voltage. Mighty Worm does not move --
Oniy the P7.T stack extends or contracts. Note that the
Mighty Worlll can bc front- or rear-loaded (i. e., either
the stack or the base can bc loaded), so as to permit
motion of the load upon either stack expansion or con-
tractiorl.  Ihcre are four cases:
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1 Front contraction
2 Front expansion
3 Rear expansion
4 Rear contraction

“Front” arid “rear” aredefined in Figure 1. Motion is
relative to the non-moving element toward the moving
element.

Cases 1 and 4 (n,otion upon contraction), and Cases 2
and 3 (nlotion  upon extension), appear to be identical
cases but for the direction and point of application on
the PZT of the load. However, the data did not reflect
this seemingly obvious expectation. Figures 4 and 5,
depicting Cases 2 and 3, respectively, display similar
behavioral characteristics but with important differences.
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Fig. 4. lvlighty Worm Incremental Positioninfl.
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Fig. 5. Mighty Worni  Incremental Positioning.
Increasing and Decreasing Volts, Case 3

in both cases, extension and contraction are not quite
linear, but rather  nwrc or less parabolic, functions of
applied voltage. There is also a quite noticeable hyster-
esis and a less obvious threshold voltage -- probably a
manifestation of device friction -- that must be exceeded
bc.fore  stack expansion ac.hie~~es its nlaximum increment
for equal applied voltage increments.

Note that with Case 2 loading, resolution @c~eases  with
inc~easirrg  load, whereas with Case 3 loading, Fig. 5,
resolution slightly ~ncr~ses  with increasing load. At
1000 volts, the Case 2 and Case 3 NO 1.OAIJ exten-
sions differ by as much as 2.5 pm (1 roil). The 100 lb
load lines for both cases arc about the same,

Figure 6 presents incremental Positioning data for Case
4 loading. In this case, upon remr)val of inc.rermmts  of
appliezl voltage, the stack contracted, pulling the l(~i~d.
‘l’he data mir-,or imaged  those for Case 3 loading (Fig.
5).

q’hc meswge  here is that stack expansion is approxi-
mately 40 ~nl (1.6 roil) per kV. We have demonstrated
an ability to position accurately to within 0.62S pm
(0.02.5 nlil), which cormspouds  to a voltage increnmnt
of approxinlately  16 volts.
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Mighty  Wornl Incremental  Posi t ioning.
Increasing and Decreasing Volts, Case. 4
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Wc dcfinti cre.epage as the Mighty Worlll t~dVf3]  per
cycle with only the shaft drive rtmtor  operating -- i.e.,
no applied volta~e,  no aI>plicd load. For nlotOr  SpCWJS

brtw”c& 60 rl,ln’ard  280 rpnl, th~ crwpfige was riever
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.-gleatel than 0.035  roil/rev (O. 88 pm/rev). l’his value is. ,“
at least an order  of magnitude below the range of mea-
sured operational resolutions and is less than the nlini-
mum resolution, 1.27 pm, of the dial gauge;  hence,
creepage effects were ignored in all characterization
data.

Creepage  may result from unbalanced mechanical forces
in the Mighty Worm design, e.g., slight twisting of one
bearing surface relative to another, unaligned or off-axis
forces, etc. livery  effort will be made in future design
cycle..  to eliminate these effects.

No I oad

NO l,OAD  data gathered under full dynamic operation
of Mighty Worm is presented in Figure  7. q“hese data
show that the pm/rev  resolution increases with applied
voltage, more in a parabolic than in a linear  fashion,
and is independent of shaft rpm. The maximum mea-
sured NO LOAD resolution was about 90 pndrev  (3.5
miI/rev)  at 1 kV.
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Dynamic load data were gathered in the Case 4 configu-
mtion at 60 r-pm, Figure 8, and at 280 r-pm, Figure  9,
for applied loads of O lbs, 25 lbs, 50 lbs, 75 lbs, and
100 lbs. his data ck-arly  shows that the threshold
voltage phenomenon noted earlier in incremental posi-
tioning measurements applies as well to long-stroke
resolution -- namely, at larger loads, a greater applied
voltage is required in order to initiate movement. In
fact, 100 lb !oading, Figure 8, requires over 800 volts to
initiate forward motion; at lower applied voltages, there
is either no motion or the Mighty Worm moves in t}w
reverse direction. Furthermore, long-stroke resolution

decreases with increasing load. I“hc resolution at 2,80
rpm is a bit larger than at 60 rpru.
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Figure  10 is a schematic diagranl representing a single
‘firing” of Mighty Worlll. In each %-revolution of the
shaft motor, Mighty Worm undergoes one extensior~-
relaxation cycle. 131cztrical  energy H = %*C*V2 is
supplied; the net result is a translation of Mighty Worm,
and hence the. moverrlent  of the load F, a distance x.
‘lhe net work done is W =- F*x. Then, ignoring dissip-
ative forces,

d
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Pm

Fig,  10 Schematic of Mighty Worm Translation

This gives x =- C* V2/(2CF) for the distance translated
per %-revolution. What we term the resolution per
revolution (res/rev)  is

whm  e. . .

C = Mighty Worm nominal capacitance =- 80 nF’
V == applied voltage
F = appliti load

The resolution per revolution is directly proportional to
the square of the voltage and inversely proportional to
the app]ied load, trends that have been observed in the
data. For a typical Mighty Worm case -- F = 100 lb
and V =. 1000 volts -- n = 280 pm (7.1 rnil). For
this particular case we have observed fl a 6.25 prrl
(0.25 roil) -- considerably less than 13qn.  (2) predicts.

An accounting of energy sheds some light orI what is
OCcuring. The work done in moving a 100 lb load a
distance 0.25 mil (6.25 pm) is 2.83 rnJ. The various
Mighty Worm stiffness element energies add up to
%*cr*x2 -1 lA*c~*x~2 +  1/2@cB*(x - xJ2 = 0 . 3  nd,
where we have used (Fig. 10)

)

‘ 1(

\ . ● ,,

‘. [!..  ,,

(3)
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Assuming that the application of the same voltage V
always induces the same extension force wit bin the.
ceramic. stack, one can derive

q  ● {c~ +- CB}
~ . x ● . ..-.= . . . . . . ..- . . . . . . . . . ------ =o 0.96 c X. (4)

%*’% +“ c-r*c* +  c~*cB

where.  XO is the fre-e extension of the Mighty Worm stack
element, about 1.6 roils. This rewlt  changes by less
thiur 1 % if the remaining parts are rigid, permitting the
use of a somewhat simpler model to study Mighty
Worm performance.

The result, 13qn. (4), is independent of static, i.e., con-
stant, loading. Stack mechanical stiffness is 79 lb/n~il,
so 100 ltr will compress the stack about 1.25 roil. Ap-
plication of 1000 volts noniinally  extcncls the stack about
1.6 rnil. But the 100 lb / 1000 volt incremental posi-
tioning data do not give a resolution of 1.6- 1.25 =
0.35 roil, but rather  a resolution of about 1.6 roil. Thus
for a 100 lb load, there is no guarantee that any firm
motion capability exists. Generally, as wc go to higher
loads, we lose capability to nlove in one dire~tion, see
I/igurc  8.

DISCUSSION

One. hazwd of cyclic flexing of the Mighty Worm brak-
ing mechanisms is the potential fatigue failure of the
clamps. We in fact experienced two such failures: one
at 313,000 cyclm and another after 6500 additional
cycle-s. Both failures were repaired and testing contin-
ued. We suggest the use of more fatigue resistant mate-
rials and improved fatigue design for the clanlpirrg
nnwhanisms -- i.e., less strain range during clamp flex-
ing.

We believe that one contribution to discrepant incremcrr-
trd positioning data is the fatigue failures -- some of that
data were acquired before the fatigue failure and some
of it after the clamp was repaired (i. e., we,lded). This
repaired part may not have had the same stiffness, or
the same registry with the cams, as it had prior to the.
fatigue failures Another factor contributing to data
uncertainties is the unknown effect of system friction on

Mighty Woril~ perfol,lmr]c~,  particularly irlcrcnwn[al
positionin~.

Due to hysteresis and non-linearities,  open-loop pcrsitiorl-
ing of Mighty Worm cannot be acconq)iished,  i.e.,
applying  a predetermined voltage may E@ result in the
desired stack extension. To achieve precise  positicming,
external position sensing with feedback (i. e., closed-loop
control) is necessary, or a piezr device with an intexnal
position sensor could be used.

LJnquestionably, this Mighty Worm design can be im-
proved. Nevertheless, this design was more than ade-
quate to glean some understanding of the. physics of
Mighty Worm and, most importantly, to demonstrate
“proof of concept”, i.e., the capability of Mighty Worm
to move and accurately position a load.

~ Fi&nal Note

During Mighty Wornl brake testing, we noticed that
Mighty Worm responded to an earthquake, i.e., the
vibration of the load, effectively a pendulum, translated
into voltage variations observed on an oscilloscope.
l’his suggests that Mighty Worrtl,  suitably redesigned,
may have application as a seismic sensor.
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